Abstract This paper presents an exhaustive study about the influence of some design parameters, such as the number of phases, the pole stroke, and the current density, in the behavior of Linear Switched Reluctance Motor (LSRM). LSRM's performance is assessed taking into account a set of quality indices, which are the energy conversion loop quality factor, the propulsion force per unit of primary steel volume, per unit of copper mass, per unit of air gap surface and finally the force ripple factor. The study is carried out by means of the 2-dimensional Finite Element analysis. Finally, the results are discussed and as a consequence a set of LSRM configurations with optimal performance according to the quality indices is defined.
have been proposed for a wide range of applications such as force actuator [1] , precise motion control [2] , for propulsion railway transportation systems [3] , active vehicle's suspension system [4] , life-support applications [5] and in direct-drive wave energy conversion [6] . LSRMs are an attractive alternative to permanent magnet linear motors (PMLM), despite the fact the force/volume ratio is about 60 per cent lower for LSRMs [7] . In contrast, the absence of permanent magnet makes them less expensive, easy assembling and provides a greater robustness and a good fault tolerance capability.
The LSRM consist of two parts: the active part or primary part, and the passive or secondary. The active part contains the windings and defines two main types of LSRMs: transverse and longitudinal. Longitudinal when the plane that contains the flux lines is parallel to the line of movement and transverse when it is perpendicular. Other classification is considering the windings totally concentrated in one coil per phase [2] or partially concentrated in two poles per phase (i.e. single-sided) or four poles per phase (double-sided) [1, 3] . Figure 1 shows all the possible configurations belonging to this classification. The simplest structure is the single-sided flat LSRM shown in Fig. 1a in which the number of stator active poles is 2·m, and the number of poles per phase (Npp) is 2. A conventional double-sided flat LSRM (see Fig. 1b ) is created by joining two single-sided structures, in this case N pp =4 and the number of stator active poles is N p =N pp ·m, where m is the number of phases.
The double-sided structure (figures 1b and 1c) balances the normal force over the mover and therefore the linear bearing does not have to support it. This configuration has twice air-gaps and coils than singlesided, which means a double propulsion force. Conventional double sided (figure 1b) can operate with one flux loop or two flux loops due to the magnetic connection between secondary poles. In the modified doublesided LSRM (figure 1c) the mover is comprised of rectangular poles without connecting iron yokes between them but are mechanically joined by non-magnetic mounting parts [8] . This arrangement reduces the mass of the mover, giving a higher translation force/mass ratio than conventional double-sided flat LSRM, which reduce the mover weight and its inertia although only allows operating with one flux loop. The tubular structure is shown in figure 1d .
In previous papers the authors first studied the influence of the flat-LSRM geometry [9] , optimizing the poles main dimensions (see figure 2 ) normalized to the primary pole pitch
βs=ls/Tp , δy=hy/Tp., regarding to the average propulsion force and concluding that the optimal pole shape values were for: α p = 0.42; β p = 2.5; α s = 0.5; β s = 0.5; δ y = 0.54. In second place, they proposed a design procedure for this kind of motors [10] and finally they presented a simulation model of a double-sided LSRM acting as a force actuator [1] . This paper completes the research about the double-sided LSRM, giving a comprehensive study of five quality indices: the energy conversion loop quality factor, the specific force per unit primary steel volume (N/m , , , , , , , , , , ,
The search space set satisfies: ⊂ and results: , , , . The analysis is carried out by means a 2D-FEM in the modified double-sided structure whose main dimensions are shown in figure 2.
From (1), the number of poles (2) and the pole pitches (3) are obtained.
The pole stroke PS is defined as the distance covered by the mover from an aligned position to the next aligned position when two consecutive phases are excited. The stator length L can be expressed as:
The LSRM frame-size is defined as the product L• LW which is also the air gap surface. The numbers of wires per pole (N 1 ) and the wire's cross section (S c ) are parameters that characterize the phase winding and define the slot fill factor (KS) [10] . ( 5 ) The fundamentals of the reluctance machines lay on the energy conversion loop shown in figure 3.
Discarding iron and friction losses, the average thrust force available per phase (FX,avg) is then obtained by:
,
In order to simplify the analytical model, the energy conversion loop (see figure 3 ) is approximated by three straight lines, 0C, CB and 0A which define the aligned unsaturated inductance Lau (0C), the aligned saturated inductance L s (CB) and the unaligned inductance L u (0A).
The utilization factor KL is defined as a quality factor over the energy conversion loop as:
This factor is a measure of the energy converted (area 0AB0) with regard to the energy available (
). Assuming that area 0AB0 area 0ABC0 and L s =L u , then K L results:
Rearranging (6), results [9] :
The average shear force (N/m 2 ) is defined as:
And the average specific force (N/kg) is defined as:
Where MCu =VCu·γCu is the copper mass per phase, VCu is the copper volume per phase and γCu is its specific
Where Vpp is the primary steel pole volume: Vpp= 4·m· αp· βp· Tp 2 ·LW. It is also possible to define the average density force taking the whole primary steel volume (V p ), which is: V p =V pp +2· δ y · T p ·L W ·L, being:
III. FORMULATION OF THE ANALYSIS
In order to focus the study, the parameters which define the magnetic circuit dimensions {αp , αs , βp , βs , The LSRM's geometry is automatically generated for each pair {m,PS}⊂ . Figure 4 shows several LSRM geometry examples. The steel grade used is a standard M 270-50A.
The study is carried out by taking the set of LSRM performance indices , defined as:
The analysis of is performed using a 2D-FEM solver [11] . The thrust or propulsion force FX (15 is calculated by the Maxwell stress tensor over a surface enclosing the whole mover. In 2D FEM, this surface is determined by the path Γ multiplied by the depth L W . Thus for a given point of :
, , ,
In general the j-phase linked flux can be computed integrating over the inner surface S i of each one of the N1 wires and for each one of the Npp poles per phase.
In 2D, due to the impossibility to take into account the end-winding, equation 16 is rearranged in terms of the line integral of the vector potential ( ) over the wire's side path of length L W (see figure 2) . The difference of the line integral of over both coil sides is the linked flux. Assuming the winding cross section as Scu+, the sign (+) denotes where the current flow is positive, and Scu-where the current flows in opposite direction, the vector potential can be averaged over these areas, thus for a given point of , the whole jphase winding flux linkage is obtained from:
The utilization factor KL is computed from (7), where the area OABO (see figure 3 ) is obtained integrating 
, , , , , ,
The force ripple has been one of the main drawbacks of reluctance devices. Up to date, force ripple has been treated by modifying the geometry poles [9, 12, 13] , implementing a current control strategy [14] , by finding the optimal firing position [1] and by seeking for the optimal spatial arrangement of a multimodular LSRM [15] . The ripple factor is defined in (24) for a flat current waveform illustrated in figure 5, where the phase conduction interval for each LSRM(m,PS) is PS.
, , IV. RESULTS AND DISCUSSION Figure 6 depicts the plots of K L (m,PS,J) for J∈ 5,10,15,20 / . As it is expected, K L decreases as J increases, the absolute maximums are reached at KL (4, 10, 5) , KL (3, 10, 10) , KL (3, 8, 15) and KL (3, 7, 20) .
The average density force (fXVp,ave) is a measure of the use of the steel lamination and it is shown the whole set {m,PS,J} in figure 7 . The wrapping curve, which contains the highest values, presents the same tendency as KL, that is, for low J and PS the relative maximum is revealed at higher m. The absolute maximum is reached at m=3 phases in all the cases. Figure 8 shows the force per unit copper mass (fXCu,ave), which can be seen as a measure of the use of copper mass. These results show the absolute maximums organized in descending order for m. For high current density (J=20 A/mm 2 ) the rule changes and m=4 phases slightly exceeds m=5 phases. Figure 9 presents the average shear force results. The curves follow the same pattern as the previous cases. Figure 10 shows the f ripple . As it is expected, the ripple factor decreases as the number of phases increases.
Nevertheless it is interesting to notice that for m=4 phases, PS=4 mm and J=10 A/mm 2 the ripple factor reach a minimum, being even lower than for m=5 phases. The same singular behavior is observed for J=5
A/mm 2 , m=4 phases and PS=5 mm and 6 mm.
In order to summarize the study results, figure 11 collects the {m, PS, J} configurations which have an absolute maximum in the performance indices set .
For J=5 A/mm 2 , which can be a suitable value for operating in a continuous duty cycle S1, there are two premium configurations which are optimal in all the performance indices at m=5 phases and PS=3 mm and 4 mm. For higher pole stroke there are several high-performance configurations with 2 or 3 optimal average force indices, that is, in m=5 phases and PS=5 mm, in m=4 phases (PS=6 8 mm) and in m=3 phases (PS=9 mm and 10 mm).
For J=10 A/mm 2 (continuous duty cycle S1 with an improved cooling system, intermittent periodic duty S3 or continuous operation periodic duty cycle S6), the premium performance is given at m=5 phases PS=3mm. The high-performance configurations are: at m=5 phases (PS=4 mm), at m=4 phases (PS=5 mm and 6 mm), at m=3 phases (PS=7 10 mm). Table 2 gives the length of the LSRM's optimal configurations which at least optimize the use of the steel (f XVp,avg ) and copper (f XCu,avg ). The highlighted in light grey optimize the three average forces and the premium are in dark grey.
The relatively large lengths and moderated current density of the premium configurations (see table 2) predicts a good cooling condition and therefore their viability is assured. For m=4 phases only two of the high-performance configurations (PS=7 mm and 8 mm) are prone to avoid overheating due their large size and low current density. For m=3 phases the configurations more feasible are for PS≥6mm with moderate current density J≤10 A/mm 2 . For m=2 phases the optimal are for J=20 A/mm 2 and due to its reduced size these configurations are going to be overheated and therefore are unfeasible.
In order to verify the analysis, the simulated LSRM(4,4) force propulsion results are contrasted with an existing LSRM(4,4) prototype [10] , whose geometrical parameters, in parenthesis, are slightly different from the simulated case, α p = 0.42(0.5); α s = 0.5(0.583); β p = 2.5(2.5); β s = 0.5(0.583); δ y = 0.54(0.666). The simulated 2D FEM force has to be corrected for the end-effects, which is done by means of an estimating procedure which defines the end-effect correction factor K ee [9, 10] . The prototype slot fill factor (KS,p=0.423) is slightly lower respect to the LSRM simulated (KS=0.5), thus the simulated force accounting for the end-effects and the slot fill factor variation is obtained from: 3) m=3 phases shows a high-performance at PS=7 10 mm for J=10 and 15 A/mm 2 which are feasible configurations, intermittent periodic duty S3 or continuous operation periodic duty cycle S6.
4) m=2 phases shows a high-performance at high current density and small sizes which predicts overheating. The ripple factor is two times higher than for m=3 which means high level of vibration and noise. 
TABLES

